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1.  
Introduction
This Technical Note is intended to chart the development of simple models for evaluating the consequences of an incident involving a Radiological Dispersal Device (RDD or 'Dirty Bomb'). In order to be able to make a quantitative estimate of the amount of harm that can be caused by detonation of a RDD, one must be able to account for both the amount and type of radioactive material present, for its potential effect on the exposed population, and for the manner in which this radioactive material will be dispersed under given meteorological conditions. While a relatively straightforward procedure exists to estimate the adverse health effects from exposure to the radiation which could arise in a RDD incident, we will primarily focus in this report on models which attempt to characterise the dispersal of radioactivity in the environment.
Although complex computational codes which perform detailed fluid dynamical calculations are available for this purpose, such as the LASAIR code [1] developed by the German Office for Radiation Protection (BfS) for example, our intent has been to develop a complementary series of physically intuitive, easily understood calculations. With these simple models, the ultimate aim is to be able to make quick and reasonable estimates of the number of fatalities that are likely to result from the explosion of a RDD of given radiological composition. Additionally, and of equal importance is the identification of the crucial parameters and key physical processes at work in the dispersal of radioactive material. This identification will help us gain greater physical insight into the origin and validity of the results obtained, not just from the simple models themselves, but from the much more complex and inherently less transparent calculations like LASAIR
2.
Health Effects of Radiation
The basic working principle for a RDD is based on the assumption that upon detonation the conventional explosives in the device will cause some of the radioactive material present to be converted into a fine aerosol form which will then be dispersed. Obviously the precise nature of the resulting aerosol cloud will vary dramatically depending on the design of the RDD and the radioactive material used. We do not make any attempt in the simple models described in this report to model or characterise the initial explosive process. We do, however, have a good understanding of the effects that exposure to such an aerosol cloud will have on the human body.

In order to estimate the serious adverse health effects which will result as a consequence of RDD detonation, one has only to consider the risk to the exposed population through inhalation of the radioactive aerosol. This is because the dose received from radiation in the deep lung can be very large due to the amount of ionisation in the lung tissue which will result over a very short distance, especially for -emitters which have a typical range of just a few cell diameters. In addition, regardless of the type of radioactive material used in the RDD, even for very strong -sources like Cobalt-60, serious health risks due to external radiation exposure have been found to be negligible and are therefore ignored [2]. Finally, radioactive intake through ingestion, which carries a similar high-dose potential as the inhalation pathway, is also neglected, as it is assumed that the relevant sections of the population will have been evacuated after a suitable time period and will not therefore be exposed to any contaminated food or water.   

When considering the risk due to inhalation it should be noted at this early stage that in the present study it is assumed that all the radioactive material in the RDD will be transformed by the explosion into an aerosol of respirable size (~ 1 m). In the absence of detailed models for the formation of an aerosol cloud, and as a result of the fact that the dose received by inhalation decreases as the particulate size increases, this simplifying assumption leads to a series of worst-case estimates. In reality, only a fraction of the airborne activity – around 10 % for plutonium in nuclear-warhead accidents, according to Ref. [3] – will be in this form, the remainder being in a form too large to reach the lung.
Let us consider an individual that is exposed to this airborne activity through intake by inhalation. Firstly, acute radiation effects are not a particular concern because the levels of radioactivity involved are not normally large enough to induce such effects, which means that our focus needs to be on the chronic, stochastic effects caused by such intake. In order to characterise the long-term health risks, we first have to convert the total intake activity into committed dose by multiplying by the relevant effective dose coefficient [4,5]. These coefficients have been calculated by the International Commission for Radiological Protection (ICRP) for the most important radionuclides, and take into account the effects of radiation on different organs over a fifty year period after the initial exposure, including the possible transport of radionuclides in the body. Thus, if the total intake activity by inhalation of a particular radioisotope is given by Ainh, then the corresponding committed dose in man.Sv is simply:   
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where einh(50)  is the ICRP effective dose coefficient. For situations involving inhalation by more than one person, a summation over all the individual inhalation doses must be taken to calculate the total Collective Dose (CDinh). This collective dose can then be related to the number of excess cancers that are expected to develop amongst the affected population due to the radiation exposure in question by a risk factor (RF) of 0.05 Sv-1 [4,5]. This procedure for estimating the likelihood of cancer development is predicated upon the critical assumption that the radiation effects are directly proportional to the radiation dose without any threshold effects (the Linear Non-Threshold or LNT hypothesis).
3.
Recap of the Static Cylindrical Model
We begin our discussion of radioactive dispersal with a recap of the very simple case of the static cylindrical model, developed by Berthou et al and described in Ref. [2,6]. In this model, it is assumed that the detonation of a RDD leads to the formation of a cloud of finely dispersed radioactive aerosol spread over a cylindrical volume of radius R and height H, as shown in Fig. 1. It is further assumed that the aerosol is homogeneously distributed throughout the entire volume of this cloud, and that the distribution does not vary with time. In the absence of any temporal evolution, a time period (t) must be defined over which the population in the affected area is exposed to the radioactive hazard. The definition of t has been taken simply to represent the period between the detonation of the device and the time when a full evacuation of the affected population is complete.
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Figure 1: In the static cylindrical model the radioactive aerosol distribution is homogeneous throughout a cylindrical cloud of radius R and height H.

As discussed in the above section, the total collective dose by inhalation for the entire population in the affected area is the key parameter for estimating the overall impact of a RDD event. Therefore, starting with the source term – which is the initial activity of the radioactive material dispersed in the explosion, given by A0 – the corresponding activity that will be inhaled over the time period t by an individual with an average breathing rate of Rinh is related to the activity per unit volume by:
	
	
[image: image3.wmf]t

R

R

H

A

A

inh

ind

D

=

2

0

p


	(2)


The crucial simplification that the population density  is uniform over the entire area covered by the cloud then yields the total intake activity by inhalation:
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This corresponds to a collective dose of:
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In Sec. 5 below we use the above equation to make estimates of the number of cancers which will result from a series of sample RDD detonations and compare the results with those found using other models. 
4.
Simple Dynamic Dispersion: The Wedge Model
Originally developed in the mid-70s by a group studying light-water reactor safety [7], the wedge model gives a rather simple account of the dynamics governing the dispersal of an aerosol cloud under various meteorological conditions. Fetter and von Hippel employed this model in the context of plutonium dispersal in nuclear-warhead accidents in their 1990 paper [3], as did Mian et al in their more recent Princeton University Report [8]. Its utilisation with respect to radiological dispersal devices raises the potential for significant improvements over the static cylindrical model described above, largely because the temporal and spatial evolution of the radioactive cloud are fundamental features of the wedge model. Thus, identification of the key physical processes at work in this model make it possible to improve upon our understanding of the phenomena associated with a RDD incident.

4.1
Model Parameters
The wedge model is built upon the assumption that the detonation of a RDD will form a plume of finely dispersed aerosol which will move downwind with a given wind velocity u, and which will disperse in the cross-wind direction with a characteristic opening angle . The aerosol in the plume is assumed to be uniformly distributed in both the cross-wind direction and throughout the constant plume height H. Fig. 2 gives a schematic representation of the manner in which the plume evolves as the downwind distance r, and therefore the time since detonation (t = r/u), increases. Crucially, and in contrast to the aforementioned cylindrical model, the amount of aerosol in the cloud at a given time after detonation – i.e. the shaded volume of radial width dr in the figure – will decrease as time increases. The mechanism responsible for this decrease involves the radioactive aerosol falling to the ground with a given deposition velocity (v), and therefore no longer posing an inhalation risk.
The list below gives the wedge model parameters:

· distance downwind of detonation point r

· height of the cloud H 

· wedge opening angle 
· wind velocity u
· rate of inhalation for an average individual Rinh
· population density at a particular point (r) 

· deposition velocity v
[image: image6.jpg]



Figure 2: The wedge model involves the dispersal of radioactive aerosol as a function of downwind distance r given an initial wind speed u, opening angle  and height H. The shaded volume highlights the position of the aerosol at a given time t after detonation.
Clearly the key difference between the static cylindrical and wedge models is the explicit dependence on the time since (and therefore the distance from) RDD detonation in the latter case. This is due to the inclusion of a deposition mechanism, whereby radioactive aerosol particles in the cloud fall to earth. While in the static model an arbitrary value for the exposure time (t) was defined as the time taken to evacuate the affected area, the wedge model has an intrinsic characteristic timescale which is defined by this deposition mechanism. This therefore allows access to detailed information on the airborne activity, the surface contamination and the committed dose by inhalation as a function of time and distance. 
The fundamental parameter is the deposition velocity: the speed at which aerosol particles fall to earth, which, when combined with the height of the cloud, defines an average time  and average range L corresponding to no further risk from inhalation:
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4.2
Airborne Activity 

Assuming that the amount of aerosol deposited on the ground is proportional to the amount present in the air, such that: 
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where the constant k = 1/L, the activity in the plume at a distance r is:
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Consider the shaded plume volume in Fig. 2 at a distance r from the detonation point, which has a radial spread dr and a volume rHdr. The radioactive aerosol will have an activity per unit volume of:
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An individual located within this plume volume at distance r will inhale a total volume of aerosol in the time it takes for the plume to pass (Rinh.dt=Rinh.dr/u). For this individual this corresponds to a total activity intake by inhalation of:
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The resulting total activity intake inhaled by the total population in the entire area affected by the plume, assuming a constant population density per unit area ((r) = 0), is then given by the integral:
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4.3
Surface Contamination
Conversely, the amount of radioactive aerosol deposited per unit area is: 
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4.4 Committed Dose

Recalling that the inhaled dose is related to the intake activity by Eq. 1, the individual committed dose as a function of distance from detonation is given by including the effective dose coefficient in Eq. 9, such that:
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Similarly, Eq. 10 therefore gives the total collective dose as a function of r:
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This means that the total collective dose is:
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Notice that the above expression for the collective dose received by the affected population in the wedge model (and hence the number of cancers) is independent of the wind speed and opening angle. This actually reveals a somewhat surprising equivalence between the wedge model and the static model described in Sec. 3: due to the inverse proportionality between CDinh and v in the wedge model, Eq. 13 is in fact equivalent to Eq. 4 for the static cylindrical model if one forces the exposure time in the former model to be the same as the characteristic time in the wedge case (i.e. t = ). This obviously means that both models will give the same collective dose estimates provided the exposure time is the same in both cases.
5.
Results and Model Comparison

To gain an understanding of the actual physical consequences of a RDD incident, one has to consider the effects associated with several different source terms. In Sec. 5.2 below, we make a comparison between the collective dose and number of cancer estimates obtained with the two simple models described herein for three different sources. Before that, however, we must first try to decide upon the optimal parameters to use in the wedge model. We do so by considering the case of a RDD which makes use of a widely available radioactive source: 2000 Curies (Ci) of 60Co which is commonly used in cancer therapy. With this particular source term, we employ the LASAIR code to benchmark the wedge model and fix the free parameters.
5.1 Cobal-60: A Benchmark against LASAIR
The authors of Ref. [3] recognise that the deposition velocity can vary dramatically depending on environmental conditions, and that the value taken in the calculations then critically affects the outcome of the model results. Therefore, in order for us to settle on a reasonable value for the deposition velocity in our calculations a simple benchmarking exercise has been conducted with the aid of LASAIR. For the purposes of this benchmark we consider a RDD with a source term of 2000 Ci of 60Co. The benchmark procedure itself is very straightforward: we consider the detonation of such a RDD at ITU in the presence of a constant 5.3 ms-1 north-easterly wind. We then use LASAIR to calculate the distance downwind of the detonation point where the individual inhalation dose has fallen to 1 mSv. By solving the corresponding wedge model expression (Eq. 13) using this calculated distance (and the same value for the height of the cloud), we can calculate the corresponding deposition velocity. In Ref [3], the authors consider a large range of values, ranging from 0.003 ms-1 in very dry conditions to 1ms-1 in the presence of rain. Using LASAIR, we have obtained a value of 0.065 ms-1 which falls somewhere in the centre of this range, and which therefore seems reasonable. 
With the most critical parameter – the deposition velocity – fixed, a full list of values for the other parameters which we have adopted in the current study are given in Tab. 1 and compared with the range used in Ref. [3]. For the opening angle () we have assumed a value of 10°, which is simply the average of the range proposed in Ref. [3]. Tab. 1 also shows the relevant radiological information associated with the Cobalt-60 source term. Using these numbers and Equations 7, 11, 13 and 14 respectively, the airborne activity A(r), the surface contamination (r), the individual committed dose Dinh(r) and the collective dose CDinh(r) have been calculated and are shown in Figures 3 and 4. The total airborne activity A(r) exhibits an exponential decrease with increasing distance from the detonation point, while one can clearly see the effect of the additional 1/r dependence in the behaviour of both (r) and Dinh(r). The plot for CDinh(r) is perhaps the most interesting, exhibiting an asymptotic approach to the total CDinh value over a distance of only a few kilometres. Indeed, one observes that after only three characteristic distance steps (3L) the collective dose is already 95% of its total value at r = ∞.
Of these parameters, it is the variation of the individual collective dose that is one of the most important. An alternative representation of Dinh(r), and one that is favoured in LASAIR, is the dose profile shown in Tab. 2. This gives the distance (and for the wedge model, the time) at which the dose reaches some important levels (i.e. 30 mSv is the limit above which evacuation is mandatory). A comparison between the wedge model and LASAIR of the distance taken to reach the 10, 3, 1 and 0.3 mSv levels reveals that the dose in the wedge model does not decrease as sharply as in LASAIR. This is seen more clearly in Fig. 5, which shows a 2-dimensional dose profile for both the wedge model and LASAIR superimposed on a map of ITU and the surrounding area. It is worth pointing out that two factors contribute to the decrease in the inhalation dose as the distance from the source increases: the first is due to the fact that the plume volume increases, thus leading to a lower airborne activity concentration; the second, and most important, factor is the deposition mechanism. 
Table 1: Wedge model and source term parameters used in the current study.
	Model Parameter
	Ref. [3]
	Current Study

	Deposition Velocity v
	0.003 – 1 ms-1
	0.065 ms-1

	Cloud Height H
	20 – 50 m
	35 m

	Wedge Opening Angle 
	3 – 17°
	10°

	Wind Speed u
	0.25 – 10 ms-1
	5.3 ms-1

	Average rate of inhalation Rinh
	3.3 x 10-4 cm3h-1
	3.3 x 10-4 cm3h-1

	Characteristic Distance L
	-
	2.9 km

	Characteristic Lifetime 
	-
	9 min

	Radiological Parameter
	

	Radioisotope 
	-
	Cobalt-60

	Source Activity A0
	-
	7.4 x 1013 Bq

	Effective Dose Coefficient einh(50)
	-
	3.1 x 10-8 SvBq-1
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Figure 3: Wedge model results for airborne activity (top) and surface contamination (bottom) for a 2000 Ci 60Co source after the LASAIR benchmark.
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Figure 4: Wedge model results for the individual committed dose (top) and the collective dose (bottom) for a 2000 Ci 60Co source after the LASAIR benchmark.
Table 2: Individual dose profile for the wedge model. The right-hand column also shows the associated distances in LASAIR from the map in Fig. 4.
	
	Wedge Model
	LASAIR

	Dose (mSv)
	 Time (minutes)
	Distance (km)
	Distance (km)

	300
	0.2
	0.1
	-

	100
	0.7
	0.2
	-

	30
	2.0
	0.6
	-

	10
	4.5
	1.4
	0.6

	3
	9.0
	3.9
	1.6

	1
	14.6
	4.6
	3.3

	0.3
	21.8
	6.9
	6.9
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Figure 5: A map showing the comparison of the dose profiles generated by the wedge model (left) and LASAIR (right).
5.2
Collective Dose Estimates

Quite aside from the wealth of spatial and temporal information that is made available through use of the wedge model, we are primarily concerned with assessing the consequences of a RDD incident. For this purpose the collective dose by inhalation and the resultant number of excess cancers must be calculated. In this section, we consider detonation of a RDD in a densely populated city such as Frankfurt and attempt to quantify the possible risk to the public using both of the simple models described above. In order to highlight the difference between the effects of different types of radioactivity which could be utilised in a RDD, we consider a 60Co source, a 90Sr source and a 238Pu source. The initial activity of these sources corresponds to the 2000 Ci for the commercially available 60Co source, and the typical amount of the other two isotopes present in a spent fuel rod. We do not, of course, consider that these isotopes could be separated for construction of a RDD; it is simply an instructive exercise in the risks and consequences which might be possible with different types of radioactive sources.
The results have been calculated for both of the simple models (using Equations 4 and 14) and are shown in Tab. 3. The values given in Tab. 2 above have been used for the wedge model calculations, while the static cylindrical model results have been obtained by assuming the same cloud height (H = 35 m), a radius (R) of 1 km and an exposure time (t) of 2 hours. In both cases, a uniform population density (0) of 2600 km-2 has been used.  
Table 3: Comparison of results between static and wedge models.
	
	Static Cylindrical Model
	Wedge Model

	
	60Co
	90Sr
	238Pu
	60Co
	90Sr
	238Pu

	A0 (Bq)
	7.4 x 1013
	6.9 x 1012
	3.9 x 1011
	7.4 x 1013
	6.9 x 1012
	3.9 x 1011

	m0 (g)
	1.77
	1.35
	0.62
	1.77
	1.35
	0.62

	einh(50) (SvBq-1)
	3.1 x 10-8 
	1.6 x 10-7
	1.1 x 10-4
	3.1 x 10-8 
	1.6 x 10-7
	1.1 x 10-4

	CDinh (man.Sv)
	409
	197
	7650
	30
	15
	566

	Ncancers
	20
	10
	382
	2
	1
	28


One immediately sees that the wedge model results are much smaller, around an order of magnitude smaller, than the static model results. According to Ref. [2], the same was true when the static model was compared with LASAIR. As the collective dose is independent of the volume in both of the simple models, the sole reason for the lower values obtained in the wedge model is the presence of a loss mechanism through deposition, which results in a much shorter exposure time. Indeed, while it is assumed that t = 2 hours in the static model, we find that the time taken for the collective dose in the wedge model to reach its final value (Fig. 4) is only around 30 minutes. This is the key advantage of the wedge model optimized with LASAIR: we no longer have to rely on assumptions, such as the time taken to evacuate the population, which only lead to uncertainty.
6.
Conclusion and Summary
Inhalation of radioactive material dispersed as a result of detonation of a radiological dispersal device is the most significant risk to the public and has the potential to cause fatalities over time through an increased cancer risk. In this technical note we have given a summary of the simplest of dispersion models, the so-called static cylindrical model, in addition to introducing the wedge model, which includes a simple treatment for dynamic dispersion under a variety of meteorological conditions. The crucial extension provided in the wedge model is the inclusion of a mechanism for deposition of the aerosol produced in the RDD detonation, which leads to a rudimentary understanding of the spatial and temporal evolution of the resultant radioactive plume. By making use of results from LASAIR we have been able to benchmark and optimise the parameters in the wedge model, thereby making it possible to apply the wedge model to RDD phenomena and achieve much greater agreement with LASAIR than was possible with the static model.
However, two important issues remain for future investigation. Firstly, there are still unanswered questions related to the value for the deposition velocity used in LASAIR, namely 0.0015 ms-1 [9]. This value is significantly smaller than the value we obtain by applying the wedge model equations to LASAIR as described in Sec. 5.1. Indeed, if one inserts the value of 0.0015 ms-1 in Eq. 5, the resultant characteristic distance before deposition (L) is over 100 km, and the corresponding lifetime () is 6 hours. This discrepancy is too large to ignore, and further work is required to find out whether its source lies in the models themselves, or whether it is a problem of understanding. Secondly, while the collective dose estimates obtained with the wedge model seem to be in good agreement with LASAIR, the agreement in spatial dependence of the dose is not as good as one would like. One possible solution to this problem is to include a virtual source in the wedge model, several kilometers upwind of the detonation point. This will lead to a source which is extended in the cross-wind direction, rather than the point source that is observed at present.
Finally, there are a number of possible future directions in which to take this work. Of these, one of the most straightforward would be to include maps in the wedge model calculations, perhaps using a combination of Visual Basic and Excel. This might then facilitate the development of a software module, maybe a web-based application, which utilises the wedge model for assessing the consequences of a RDD incident.   
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Appendix A

An Excel Spreadsheet for the Wedge Model
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An Excel spreadsheet has been developed in order to facilitate simple and quick calculations with the wedge model. The output not only includes the most important results, such as the collective dose and excess cancer estimates, it also includes data on the individual dose, the airborne activity and the surface contamination as a function of distance (and time) from detonation. 
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